Anchorage-dependent cells such as smooth muscle cells (SMCs) rely on the transmission of actomyosin-generated traction forces to adhere and migrate on the extracellular matrix. The cellular traction forces exerted by SMCs on substrate can be measured from the deformation of substrate with embedded fluorescent markers. With the synchronous use of phase-contrast and fluorescent microscopy, the deformation of polyacrylamide (PAM) gel substrate can be quantitatively determined using particle image velocimetry. This displacement map is then input as boundary conditions for the stress analysis on PAM gel by the finite-element method. In addition to optical microscopy, atomic force microscopy was also used to characterize the PAM substrate using the contact mode, from which the elasticity of PAM can be quantified using Hertzian theory. This provides baseline information for the stress analysis of PAM gel deformation. The material model introduced for the computational part is the Mooney -Rivlin constitutive law because of its long proven usefulness in predicting polymers' mechanical behaviour. Numerical results showed that adhesive stresses are high around the cell edges, which is in accordance with the general phenomena of cellular focal adhesion. Further calculations on the total traction forces indicate a slightly contact-dominated regime for a broad range of Mooney -Rivlin stiffnesses.
INTRODUCTION
Most cells undergo complex mechanical interactions with the environment and neighbouring cells through the formation of focal adhesions and other adhesive structures [1] [2] [3] [4] [5] [6] [7] [8] . These mechanical interactions provide physical mechanisms for various basic cellular activities, such as adhesion, migration, communication, proliferation and differentiation. Such activities collectively drive embryogenesis, tissue morphogenesis, tumour metastasis, wound healing, etc. [9] . Although cellular adhesion is commonly recognized, only a few mechanical factors thus far have been elucidated in a quantitative manner owing to practical difficulties in both theories and experiments to characterize the interfacial interactions. Among various interactions, surface traction has been shown to be important in cellular functions [10] [11] [12] . Such traction is essentially bidirectional, reciprocal and dynamic across the interface between the cell and the extracellular matrix (ECM). Most cells can modulate the traction force dynamically according to the extracellular signals to maintain cell homeostasis and to initiate many cellular activities. More specifically, the modulation is carried out by biochemical molecules through actomyosin interactions and conformational changes in the cytoskeletal architecture. For example, the changes in the traction force can activate the integrin-dependent molecules, such as RhoGTPase, talin 1 and focal adhesion kinase, which then trigger a cascade of signalling pathways and alter gene expressions [13] [14] [15] [16] [17] . One renowned mechanotransduction theory, called 'tensegrity', indicates that the changes in the cytoskeletal three-dimensional architecture caused by mechanical signals could be transmitted to the nucleus via a direct mechanical link from the ECM to the nuclear chromatin [18] . These studies purposefully signal the necessity for a direct and rigorous measurement of surface traction at the cell-substrate interface for characterizing the chemo-mechanical feedback controls in cellular functions.
The microscopy approach in reconstructing traction forces was pioneered by Harris and co-workers [19, 20] , who first applied the deformable silicone substrata to probe traction forces qualitatively by the wrinkling assay. The complex relation between force and deformation (wrinkle) and the low resolution of the wrinkling assay made the quantitative measurement *Authors for correspondence (cli10@ncu.edu.tw; mvchan@ntu.edu.sg).
One contribution of 9 to a Theme Issue 'Nanoengineering life: from cell to tissue'. difficult. A more direct characterization of non-wrinkling silicone with embedded particles as indicators of deformation was later developed by Lee et al. [11] . However, the viscosity of the substrata used in Lee's study led to irreversible deformation and poor conditions for cell adhesion. Dembo & Wang further developed traction force microscopy by using the substrata prepared from polyacrylamide (PAM) gel with embedded fluorescent beads [21, 22] . PAM gel has advantages over other materials because of its tunable mechanical compliance through changes in the reaction conditions for acryl amide polymerization. Furthermore, cell adhesion on PAM gel is not significant without the conjugation of adhesive ligands. Hence, PAM gel is ideal for studying mechanotransduction through the quantitative determination of tractions on the PAM gel surface induced by cells. The calculation of the cellular traction force (CTF) via the displacements of fluorescent beads is an inverse problem which can be ill-posed and requires some regularization (constraint with Lagrange multiplier) [4] . Here, the inverse problem means the following. Assuming the beads' displacement is obtained from the Fredholm integral of force with Green's function as a kernel, i.e. u(r) ¼ Ð dr 0 G(r 2 r 0 )F(r 0 ), the task is to search for the force F(r 0 ) which yields the minimum difference between the calculated and measured displacements with presumed mechanical properties. Such a numerical process is an essential optimization problem, and, therefore, constraints on the force F(r 0 ) are needed to avoid unrealistic solutions as well as numerical divergence. This inverse problem can be solved by the forward model formulated previously by Sabass et al. [23] and Pelham & Wang [24, 25] . More recently, Dembo and co-workers [21, 22] employed the Boussinesq solution to approximately determine the two-dimensional Green compliance tensor G(r 2 r 0 ) for cases when the thickness of the substratum is much larger than the maximum marker displacement (approx. 1 mm/70 mm). However, the determination of the Green tensor is complicated and the displacement of the beads is heavily dependent on the image resolution. More challenges lie in finding the force distribution. Generally, some smoothing operations should be included when calculating the Fredholm integral because force F(r 0 ) is highly sensitive to small changes in displacement u(r) and one-to-one mapping may not exist between them. A remedy proposed by Butler et al. [26] using Fourier transform traction cytometry (FTTC) is more efficient than directly applying the Boussinesq solution to find G(r 2 r 0 ). The key difference is that FTTC works out the Fredholm integral in the Fourier space instead of the real space; it thus requires no smoothing operation and hence less complex computation. It should be noted that FTTC is formulated either (i) bound constrained (a mixed boundary value problem in which the displacements under the cell are specified using the measurement, and zero tractions outside the cell boundary) or (ii) unconstrained (specifying all displacements using the measurement; no tractions specified) to determine the CTF.
In general, approaches based upon the Boussinesq solution and the Fredholm integral restrict the substratum material to be linear elastic. They also require some specific mappings of the displacement field on the substratum surface. These devices are set up for mathematical convenience to determine G(r 2 r 0 ) and avoid ill-posed issues. A more robust approach for such mapping is digital image correlation (DIC), originally developed by Yang et al. [27] and Chu et al. [28] and a more modern version by Brock et al. [29] and Berfield et al. [30] . In this technique, a statistical correlation function among different parts of a digital image pair is employed to measure the movement of objects in the images. DIC was extensively used in many bioimaging studies for probing cell mobility and cytoskeleton dynamics [26, [30] [31] [32] [33] . Another interesting issue is that the Boussinesq solution assumes the substratum to be an infinite half-space. Such an assumption can be accurately achieved only if the displacement field by the traction force is small when compared with the substratum's lateral dimensions and thickness. For a medium with low elastic modulus such as PAM gel, a small deformation is hard to guarantee, and, if its thickness exceeds 100 mm, the substratum can be easily deformed by its own weight. One practical way to circumvent this limitation is to analyse the three-dimensional gel by finite-element (FE) analysis [26, [30] [31] [32] [33] . The measured displacement field from experiments is directly applied as boundary conditions without using any specific mapping, as seen in other methods.
In this study, rat aorta smooth muscle cells (SMCs) are chosen as the model for probing the CTF on a PAM gel substratum. The study was carried out in two steps. First, atomic force microscopy (AFM) was used to characterize the stiffness of the PAM film. Second, the deformation images of the PAM substratum induced by cell traction were probed by fluorescence microcopy. The deformation was measured by the relative position of displaced fluorescent latex beads via particle image velocimetry (PIV). The measured data (displacement) were then input as boundary conditions for the subsequent finite simulation. In the simulation, a nonlinear (Mooney -Rivlin) material model was employed and the optimal range of PAM mechanical properties was investigated as well.
MATERIAL AND EXPERIMENTS

Preparation of activated glass coverslips
PAM gel was immobilized on the surface of activated coverslips in order to prevent the gel from floating off during the CTF microscopy assay. The surface activation procedure used herein was developed by Alpin & Hughes [34] . Glass coverslips (F31.4 mm, 0.17 mm thickness; Willco) were first sterilized by briefly passing them through the inner flame of a Bunsen burner. Then 0.1 N NaOH was smeared on the coverslip surface and dried under a nitrogen stream. Then 3-aminopropyltrimethoxysilane (Sigma, Saint Louis, MO, USA) was loaded evenly on the coverslips and incubated for 5 min. The coverslips were washed with distilled water thoroughly and then covered by 0.5 per cent glutaraldehyde in phosphate-buffered saline (PBS; Sigma) for 30 min. After this, the coverslips were again washed extensively with distilled water and stored at 48C for up to 48 h for later use. The resulting aldehyde groups 
Preparation of polyacrylamide sheets
The PAM sheet was prepared by dissolving 8% v/v acrylamide (40% w/v; Sigma) and 0.1% v/v N,N 0 -methylene bis-acrylamide (BIS; 2% w/v, Sigma) in distilled water. The solution was degassed for 30 min with nitrogen in order to optimize the polymerization. Then ultrasonicated 0.2 mm fluorescent latex beads (fluorescein isothiocyanate labelled; Invitrogen) at 1/1000 volume concentration were added to the solution. Another 1/2000 of N,N,N 0 ,N 0 -tetramethylethylenediamine (Sigma) and 1/200 of ammonium persulphate (10% w/v; Sigma) in volume concentration were also added as initiators and catalysts to trigger free radical polymerization of the acrylamide. To prepare a thin sheet of PAM, a small amount of mixture was dropped onto the activated coverslips and immediately overlaid with a piece of inert plastic sheet. The coverslips were then placed upside down to allow the fluorescent latex beads to precipitate onto the surface of the hydrogel sheet. This polymerization process has to be at least 30 min to allow the beads to settle [12, [34] [35] [36] .
The thickness of the PAM sheet was estimated from the initial volume of the polymer solution applied onto the coverslip and the area of the gel. The actual thickness of the swollen gel was measured by a microscope with focus ranges from the glass surface up to the gel surface. The thickness of the gel under the swollen condition is estimated to be 70 mm on average.
Conjugation of collagen to the polyacrylamide surface
PAM is highly hydrophilic and chemically inert. Therefore, a photoactivatable heterobifunctional reagent, sulphosuccinimidyl-6(4 0 -azido-2 0 -nitrophenylamino) hexanoate (Sigma), also known as sulpho-SANPAH, was used as the molecular bridge to link the cell ECM proteins (1 mg ml -1 type I collagen) to the PAM gel [34] . Sulpho-SANPAH comprises phenylazide groups at one end, which react non-specifically with PAM under UV irradiation, and sulphosuccinimidyl groups at the other end, which can react with primary amines in the ECM proteins [35] .
Cell culture
Rat aorta SMCs (A7r5 rat fibroblast; ATCC) were cultured in high glucose Dulbecco's modified Eagle medium (DMEM) supplemented with 10 per cent foetal bovine serum (FBS), 5 mg ml -1 penicillin and 5 mg ml -1 streptomycin (Invitrogen Inc.). Cells were maintained at 378C under a humidified atmosphere with 95 per cent air and 5 per cent carbon dioxide. The culture medium was changed every 2 days, and cells were cultured at least once a week. Before every experiment, cells were detached from the culture flask by adding 5.3 mM trypsinethylenediaminetetraacetic acid (EDTA) solution in 1Â PBS. The cell suspension was transferred to a 15 ml Falcon tube and then centrifuged at 1500 r.p.m. for 5 min. After centrifugation, the trypsin was removed and the remaining cell pellets were re-suspended in the DMEM medium supplemented with 10 per cent FBS. The cells were then plated onto the PAM gel surface at a density of around 13 cells mm -2 for traction force microscopy. All experiments conducted in this study used cells before 10 passages. After 24 h of seeding, healthy cells found at a distance of at least 200 mm away from the edges of the PAM substratum were chosen for CTF measurement. This was to avoid the edge effect and minimize cell-cell interactions.
Live cell traction force microscopy
Live cell microscopy was performed on an inverted light microscope (Olympus IX71) using a LUCPlanFLN 40Â/0.60 Ph2 objective (Olympus) on a motorized stage (BioPoint 2, Ludl Electronic Products). The PAM substratum on the modified coverslip seeded with cells was mounted onto a microscope perfusion chamber where the desirable environmental parameters were controlled. Throughout the experiment, the temperature of the chamber was maintained at 378C using a Tempcontrol 37-2 Digital and Heating Unit (Leica). Five per cent carbon dioxide and the humidity of the microscope stage were controlled by a humidifier system (CTI-Controller 3700, Leica). Photographs were taken of the cells with phase-contrast optics to visualize the cells' shape and location, and with fluorescein illuminating at 490 nm to excite the fluorescent beads with emission at 515 nm. In order to assess the displacement of beads under the nullforce condition, culture medium was removed and trypsin was added to detach the cells from the PAM gel surface. Once the trypsinization was completed, both phasecontrast and fluorescent images were taken again at the proximal location to obtain the beads' positions for the assumption that the gel would return to its initial state without cells. The set of images taken after the removal of cells were called the 'null-force' images.
Image processing the displacement field on the substratum surface
A PIV program coded in MATLAB (MatPIV) was used to quantify the displacement of microbeads induced by the CTF. PIV calculates the average movement of many nearby particles inside a small window directly from a pair of digital images taken at two contiguous instants. The theories behind this numerical process will be discussed later.
Characterization of the elastic mechanical properties of the polyacrylamide substratum
The mechanical properties of PAM have to be measured before the traction force analyses. The measurement was carried out by AFM (Asylum Research, model MFP-3D) with water immersion capability for a flat, homogeneous PAM substratum with average thickness of 70 mm under swollen conditions [37, 38] . A contact mode with a spring constant of 0.32 N m -1 was applied
via the silicon nitride cantilevers (Sharpened Microlevers, Crest Technologies). Both the velocity of the cantilever and the indentation depth were carefully controlled during the test. In addition, the unloaded cantilevers were calibrated before the test to measure the thermally induced motion of gels under water immersion, which was automatically discounted from measurements in the indentation test.
RESULTS
3.1.
Estimate of the elasticity of the polyacrylamide substratum Figure 1 shows the schematic details of the AFM indentation and the force-indentation relation, from which we can have the following indentation-deflection relation [37] :
3 is the stiffness of the silicon nitride cantilever. This equation is used to determine the elasticity of the substratum (E) by fitting the indentation-deflection curves from the AFM measurement. An example of the AFM measurements on a flat, homogeneous PAM substratum under swollen conditions is shown in figure 2 , where a full cycle of the loading and unloading process is demonstrated by the indentation-deflection (z 2 z 0 versus d 2 d 0 ) curve. For a small deflection of the cantilever, the relation between the applied force F and the indentation depth d on an elastic medium is presumed to be the Hertzian contact via [37, 39] 
where E is the elastic modulus and n is the Poisson ratio of the substratum, and a is the half-cone angle of the cantilever tip.
Owing to its high content of water, PAM is almost incompressible and thus its Poisson ratio is close to 0.5 [40] . The initial deflection and height of the cantilever, d 0 and z 0 , can be located directly from the experimental curves. Therefore, the slope of any two points on the curve can be used to calculate the value of E from equation (3.1) [37, 38, [41] [42] [43] [44] . However, the choice of points is too arbitrary. In order to yield an accurate estimate, an optimization approach was employed. By iteratively specifying different values of E in equation (3.1) to calculate z at every d from the measured data, the average difference (L 2 norm) between z experimental and z calculated along the loading force curve can be minimized when an optimal elastic modulus is found. This approach ensures that every point along the experimental loading force curve was taken into account in the determination of the optimal E value. Figure 2 shows one example result of the AFM measurements. The adhesion between the tip and the PAM gel can also be seen in the third (withdrawing) and fourth (separation) quadrants. There was a total of five measurements taken at different locations on a PAM gel and the range of optimal E was found to be between 32 and 44 kPa. Figure 3 gives the optimal Young's moduli and their corresponding minimum errors (average of (z experimental 2 z calculated ) 2 ). With the t-test on the mean value of the optimal Young's moduli (39.2 kPa), we can determine the 95% confidence interval of the modulus, as shown in table 1. This interval confirms the range of the optimal modulus as marked on the abscissa in figure 3.
Hyperelasticity of the polyacrylamide substratum
To quantitatively assess the mechanical response of the PAM gel induced by cell traction, numerical analysis is needed to simulate the experiment. The ensuing goal is to examine the contact between the cells and the PAM substratum. Two basic mechanical properties, namely Young's modulus (E) and Poisson's ratio (n), are still needed. As mentioned previously, Poisson's ratio shall be assumed to be 0.5 under the assumption of incompressibility for PAM [40] . A more realistic material model, the Mooney-Rivlin constitutive relation, is chosen for the simulation. The Mooney-Rivlin constitutive law has been used in numerous studies of rubber-like or synthetic and natural polymeric materials, e.g. gelatin pork skin, poly(L-lysine)/hyaluronic acid, carotid arteries, poly(dimethylsiloxane) [45] [46] [47] [48] [49] [50] . The formulation of the Mooney-Rivlin law is based upon the theories of hyperelasticity. Hyperelasticity refers to materials that are able to recover completely from a finite deformation to their undeformed state. This material model assumes a special form of the strain energy function W as follows [45] [46] [47] [48] [49] [50] :
where c 10 , c 01 and k are empirical material constants; I i are reduced strain invariants, each defined as
and
ð3:4Þ
by the three invariants I i of the Cauchy-Green strain tensor:
. The Cauchy-Green strain tensor is calculated from the kinematic (strain-displacement) relation
ð3:5Þ where f ik ¼ @x i /@X k is the deformation gradient, and X k , x i are components of the position vectors of a material point before and after deformation along the direction i and k, respectively. Overall, the strain energy W is a Figure 1 . A schematic of AFM indentation and the indentation -deflection relation. Figure 2 . Experimental measure of the AFM indentation curve for the PAM substratum using the contact mode. where S ij is the second Piola-Kirchhoff stress tensor, representing the force per unit area in the undeformed body. In contrast to the commonly used Cauchy stress (s kl ), which measures the force per unit area in the deformed body, the two stress measures are algebraically related to each other by the deformation gradient as
where the superscript -1 and T represent the inverse and transpose of a tensor, respectively, and J ¼ det ( f ik ) is the Jacobian determinant. The Cauchy stress (s kl ) has to satisfy the equilibrium equations @s kl /@x l ¼ 0 in all coordinate directions. Equations (3.5)-(3.7) together would allow us to express the equilibrium equations in terms of the deformation gradient and solve them numerically. Note that the transformation in equation (3.7) is considered to be valid as long as the material density is constant throughout the deformation.
Connections among different mechanical properties
We have noticed that the AFM data yield an optimal estimate of Young's modulus. It is thus necessary to discuss the connections among various material constants before the implementation of FE simulations. Assuming the incompressibility of PAM, Poisson's ratio is assigned to be 0.49 instead of 0.5 to avoid numerical singularity. Also, k is assigned to be 0.7 Â 10 23 to guarantee a marginal effect from the volumetric change ð I In other words, Young's modulus corresponds to the initial slope of the stress -strain curve for the Mooney -Rivlin materials under uniaxial tension. This argument leads to the following relation between the initial shear modulus m and c 10 , c 01 :
Obviously, either equation (3.8) or (3.9) can be used to estimate c 10 , c 01 based on the measured Young's modulus from the AFM measurements. In general, Young's modulus and c 10 , c 01 are not necessarily related to each other. We can always conduct a stand-alone study on the hyperelastic properties of the chosen polymeric materials whenever needed [46, 47, 50] .
Justification of the hyperelasticity of the polyacrylamide substratum
One prerequisite before the FE analyses are carried out is to have an estimate of the Mooney -Rivlin constants C 10 and C 01 . This task was carried out by an FE simulation of the nano-indentation using a concentrated force applied to the central node of a representative volume, i.e. the PAM substratum. The calculated displacement in the z-direction at the central node is the indentation (z 2 z 0 ). Comparing this FE-calculated indentation with data from the AFM tests at different levels of forces (k (d 2 d 0 ) ), the minimum errors between the simulations and the tests can be located around 3.25 -3.75 kPa for equal values of C 10 and C 01 , as shown in figure 4 . Different C 10 and C 01 values tend to increase the errors slightly in our cases, although Figure 4 . Errors between the simulation and AFM indentation for the PAM substratum using the contact mode. The attainable minimum errors fall in the range between 3.25 and 3.75 kPa for equal C 10 and C 01 . These errors are relatively smaller than those in figure 3.
this may not be universally accurate for other PAMs. Note that the equal values of C 10 and C 01 simply imply an equivalent contribution to the strain energy by the principal and deviatoric strains ( I 1 , I 2 ). Let us further examine the values of C 10 and C 01 . If the choice of Young's modulus from linear elasticity is 39.2 kPa, which is the mean value from AFM measures in figure 3 , then from equation (3.9) the corresponding values of C 10 ¼ C 01 % 3.267 kPa can be calculated presuming that the initial slope of the stress -strain curve is 39.2 kPa. Such a rough estimate yields a value remarkably close to the lower bound from the results of FE analysis -AFM comparison in figure 4 . In other words, the genuineness of the hyperelastic behaviour of PAM is further demonstrated.
Additionally, the t-test on 95% confidence intervals from figures 3 and 4 (cf. table 1) indicates that the range of Young's modulus (32.0 -46.4 kPa) is much higher than that of C 10 and C 01 (3.22 -3.79 kPa). In principle, as Young's modulus corresponds to the initial slope of the stress -strain curve in hyperelasticity, it also serves as an upper bound of material stiffness. Those values in table 1 robustly support this principle of hyperelastic PAM without using the hypothesis test.
Displacement field on the polyacrylamide surface under cellular traction force
The experimental design to investigate the traction of a single cell on the PAM surface is shown in figure 5 , where the traction forces are transmitted from the cell to the gel surface via transmembrane molecules, such as integrins. The embedded fluorescent latex beads just beneath the gel surface were used as markers to track the gel deformation caused by the CTF. The measurement of the displacement field of the beads was obtained from a pair of images; one showed the original position of the beads without the cell on top and the other was in the presence of the cell. The quantitative numbers of the displacement field were obtained by the PIV, in which a cross-correlation function was introduced to derive the local motion of beads statistically [51] . Once the displacement field is determined, the mechanical stresses and strains can be analysed by a well-established numerical approach, such as the FE method. The phase-contrast image of an SMC is shown in figure 6a . Prior to quantifying the beads' displacement field, it is important to overlay the pair of fluorescent images before and after trypsinization to correct the misalignment owing to the drift of the sample on the motorized stage and to minimize systematic errors [10, 25, 34, 52] . It is also necessary to take several fluorescent images at different focal planes in the same region in order to prevent mismatching of the image pairs. This is because the two images from before and after trypsinization might not be taken at the same focal plane. Figure 6b shows the fluorescence images at the same location in figure 6a. Figure 6b shows the two overlaid images before and after trypsinization (force-loaded and null-force). Each dot represents one 0.2 mm fluorescent bead. Moreover, pseudo-colours were applied to the fluorescent beads which appear green when SMCs were present (force-loaded), and red when SMCs were absent (null-force). When two images were overlaid, beads with zero displacement before and after trypsinization are shown by yellow dots whereas a pair of nearby red and green dots indicate that the embedded bead was displaced by a distance. For the reader's reference, the cell boundary is also marked by the white dashed lines traced from figure 6a. Figure 6b shows that more green and red dots appeared underneath the cell area and almost all yellow dots were found at a distance further away from the cell body. In other words, cell traction is a highly localized effect concentrating in the area occupied by cells. A careful examination reveals that more green and red dots tended to be around the cell peripheries rather than the interior of the cell body. This may be caused by cellular movement via mechanotransduction at the focal adhesions, typically initiated at the edges of cells [30, 53, 54] . Figure 6b contains over a few thousands of beads in the images, thus it is advisable to determine the bead displacement statistically on groups of beads rather than on individual ones. Therefore, PIV is implemented through the method of DIC to gauge the displacement of beads based on the following cross-correlation function:
ð3:10Þ
The relation between the pixels (X i , Y j ) and (
ð3:11Þ
where u ij , v ij are x-and y-displacement of the (i, j) pixel point; N is the pixel number (size) inside the interrogation window; f 1 (X i , Y j ) and f 2 (X i , Y j ) are the intensity of the image at the pixel point (i, j) in each image; f 1 ; f 2 represent the average value of f 1 (X i , Y j ) and f 2 (X i , Y j ) in each window; DX, DY are the shift (or overlap) of the interrogation window between the two images.
The value of C is between 0 and 1; the higher the value of C, the closer the relation between the images at (X i , Y j ) and (X i þ DX, Y j þ DY ). Therefore, the objective is numerically to search a location in the second image that is most consistent with the one in the first image, i.e. finding the location with maximum C. Note that the search for maximum C is on all six variables (u i , v i , @u ij /@X i , @u ij /@Y i , @v ij /@X i , @v ij /@Y i ). To expedite the computation, a common practice is to calculate the numerator terms in equation (3.10) by fast Fourier transform. Also, the iterative calculation should cover the whole image for at least one time [55] . A free program, MatPIV, distributed under the GNU general public license, was adopted for our study [56] [57] [58] [59] . This program has functions to remove the vectors and interpolate missing vectors by the Kriging method [60] [61] [62] . Both vectors (spurious and missing) are due to the background noises or defocus of images. The image of the displacement field computed by PIV is shown in figure 6c by green arrows for the pair of fluorescence images in figure 6b. Figure 6c shows further processing of figure 6b with the removal and interpolation of data to establish a well-defined displacement field, which is ready for FE analyses as the input data.
Finite-element analysis of experimental results
The deformation and stress analysis of a PAM sheet is implemented by the FE software ANSYS11. Starting with the geometry of a PAM gel with dimensions 1638.91 Â 1188.21 Â 70.0 mm, the whole domain (PAM substratum) is discretized by isoparametric, 20-node brick element SOLID186 ( figure 7) . The boundary conditions are specified displacements from the PIV results, as shown in figure 6c , at corresponding nodes on the surface underneath the cell. The nodes on the bottom of the substratum are fixed because the PAM gel is immobilized on the coverslip. The specified displacement field on the xy plane is shown in figure 8 , where both the contour and vector plots are presented in comparison with the PIV calculated bead displacement field shown in figure 6c . The vector plot is particularly illustrative for the xy displacements between the two fluorescent images before and after cells are detached from the PAM. In other words, we successfully demonstrated that the planar deformation of gel, which was obtained experimentally and analysed quantitatively by the PIV image processing of the microbeads' movement, can be directly used as the input (boundary conditions) for subsequent FE analyses. Profile of vertical deformation beneath the cell across the selected line is indicated in the insets of (a).
pulls the PAM surface upwards. Focal adhesions serve as the physical linkages between cells and the ECM to sense and transmit CTF in order to regulate the movement of the cell [63] [64] [65] . We further check the numerical values of the displacement fields in figure 9a and compare them with the results from some other studies. In our results, the range of u x , u y is -1.13 2.95 mm. Studies used as the references to evaluate our models are as follows: u x and u y : 0.20 1.20 mm, u z : -0.64 0.39 mm by Hur et al. [63] ; u x and u y : 0.50 3.00 mm by Bulter et al [26] ; u x and u y : 0.20 1.40 mm by Yang et al. [27] .
The FE-calculated normal and shear stresses are shown in figure 9b-d. The directions of the shear stresses are indicated by the arrows shown in the figure. Both s xz and s xy help to indicate the direction of cellular motion. One noticeable result is from the normal stress s zz , which indicates the regions of contact and adhesion located at the cell's centre and periphery, respectively. When cross-examining the results of u z , we found that the cell would squat or crouch at its centre and pull up its leading and trailing edges in order to move. Note that, although the cell pressed down the substratum at its centre, the adhesion still existed in the contact region because of the omnipresence of integrins on the cell's bottom surface. The adhesion is overwhelmed by contact pressure and thus the resulting s zz is negative. This example case demonstrates that FE simulation can provide some insights into the experimental results of traction force microscopy.
NUMERICAL VERIFICATION
Consistency check on finite-element analysis
The available data from images are two-dimensional with displacements in the x-and y-directions only.
But FE analysis did provide three-dimensional results, e.g. the vertical displacement (u z ). Since u z is virtually unknown, we have to validate the calculations. One way to verify the calculations is to examine the contact region in order to make sure that the region with contact has high levels of stresses, while the non-contact zone has low levels of stresses. Consider two bodies in contact-the contact stress (both normal and shear) exists only within the contact region. Outside the region, the surfaces of both bodies are traction-free. Assuming a point x position outside the contact region V, then the traction-free condition at x can be generally expressed as
where n is the normal vector of the surface. For the case of the PAM substratum underneath the cells, the normal direction is in the z-direction, thus n ¼ (0,0,21). This leads to the condition that s zz ¼ 0, s xz ¼ 0 and s yz ¼ 0 at points on the PAM surface outside the contact region. In the current FE analysis, there is no specified area of contact, and, therefore, whether the traction-free condition can be met outside the contact region is unknown. In order to identify the contact region, the following process was implemented: (i) converting the contrast microscopic image into black-white scale and filtering out noise; also creating an equal size blackwhite map as a template for FE nodal information. The pixel values of these two maps are denoted as f experiment (x i ) and f FEM (x i ), respectively; (ii) picking up a threshold value c so that
. These processes were iterated until the minimum of the difference was Figure 10 presents the results of detecting the contact region by comparing the FE results with the contrast microscopic image for different Mooney-Rivlin constants. It seems that the threshold value c converges to a constant for all three stress components when c 10 or c 01 is larger than 10 kPa, which covers the range of the optimal Young's modulus from AFM (32-44 kPa). The contact region identified by the FE map fits the contrast microscopic image reasonably well.
DISCUSSION ON TRACTION FORCE
Traction force calculation finite-element analysis
The shear stresses s xz , s yz and normal stresses s zz obtained from previous FE analysis can be used to calculate the traction forces on the PAM surface via the following the expressions: were h and k are intervals in the x-and y-directions, respectively;
Uniformly discrete grid points were used for the calculation and these points are nodes from the FE analysis. Following this numerical integration, we can determine traction forces in all three directions for different material constants (c 10 , c 01 for MooneyRivlin), as shown in figure 11 . Negative c 10 , c 01 values were not included although they are allowable for certain classes of polymers [47] [48] [49] [50] .
Cell motion and traction force
The variation in traction forces in figure 11 reveals some interesting features. First, their magnitude increases as the PAM stiffens since a larger force is needed to attain the same level of surface deformation in a stiffer material. Second, the normal force F z was found to be positive for positive c 10 , c 01 owing to the slightly dominating contact pressure between the cell and the substratum. The F z is around 1 mN from the estimated C 10 ¼ C 01 ¼ 3.267 kPa. Last, the larger tangential force F x compared with F y implies a strong tendency of the cell to move horizontally since F x is the driving force to move cells along the x-direction. Generally, a cell tends to exhibit greatest traction forces around its leading edges owing to the adjusted orientation of cytoskeletons in response to focal adhesions [33, 67, 68] . Therefore, the higher shear stresses in figure 9 directly lead to higher F x in figure 11 .
By sheer luck, we caught the image of a series of wavefronts just to the right of cell, which was evidently generated by the motion of the cell. Figure 12 provides some details of this observation. If the velocity of the medium surface wave is equal to the frequency multiplied by the wavelength and the camera shutter speed is around 1/60 to 1/15 seconds then we estimate that the wave velocity is about 9/(1/60 -1/15)(1/s) Â 0.1898 ). Such a speed seems to be closer to the velocity generated by normal cells ((epithelial MCF-7) 0.003-0.1 mm s -1 ) [69] than that generated by cancer cells (0.002-0.444 mm s -1 (breast cancer cell), 0.0005-0.003 mm s -1 (melanoma cells)) [70, 71] .
CONCLUSION
In conclusion, rat aorta SMCs are chosen for the study of CTF on a PAM substratum. The PAM substratum is prepared to a desired concentration with chemically mixed fluorescent microbeads and immobilized on chemically activated coverslips. The traction forces between the cells and the PAM are marked by the movement of embedded fluorescent microbeads just beneath the gel surface, which portrays the gel deformation caused by CTF. The measurement of the displacement field is obtained from a pair of images, one shows the original position of the beads without a cell on top and the other is in the presence of a cell. Then the displacement field is calculated by the PIV, where a cross-correlation function is introduced to derive the local motion of beads statistically. Once the displacement field is determined, the mechanical stresses and strains are analysed by the FE method using the calculated displacement as the boundary conditions. In the simulation part, a hyperelastic material model, Mooney -Rivlin, was used to investigate the PAM mechanical response under cellular traction. Numerical results implied that the cell tends to move horizontally by shear traction forces along the plane of the PAM substratum. When a cell is in incipient motion, it presses down its centre against the substratum and lifts up its protrusions at the leading and trailing edges. This is quantitatively verified by the total traction forces calculated from FE analyses and qualitatively observed by the microscopic photograph. The measured traction forces are of the order of 1-20 mN, corresponding to several micrometres of displacement by cellular traction from PIV. All numerical simulations in this study were carefully verified by cross-examining the contact region with the microscopic photographs to ensure their consistency, and the linear and nonlinear material properties with the nano-indentation test to provide baseline information. The combined experimental and numerical approaches in this study should provide some interesting insights into cell traction microscopy.
